Using the pure spinor formalism for the superstring, the vertex operator for the first massive states of the open superstring is constructed in a manifestly super-Poincaré covariant manner. This vertex operator describes a massive spin-two multiplet in terms of ten-dimensional superfields.
Introduction
To study the implications of spacetime supersymmetry for the superstring, it is useful to have a formalism in which super-Poincaré covariance is manifest. Although the superPoincaré covariant Green-Schwarz formalism [1] can be used to classically describe the superstring, it has not yet been quantized in a covariant manner. This prevented the construction of super-Poincaré covariant expressions for massive vertex operators since, unlike massless vertex operators, massive vertex operators cannot be obtained from the classical action in a curved background.
Recently, a new super-Poincaré covariant formalism for the superstring has been proposed using a BRST-like operator Q = λ α d α where d α is the D = 10 supersymmetric derivative and λ α is a pure spinor variable [2] . In this formalism, physical vertex operators are defined in a manifestly super-Poincaré covariant manner as states in the cohomology of Q. Massless vertex operators have been explicitly constructed using this formalism and tree amplitudes have been shown to coincide with Ramond-Neveu-Schwarz amplitudes [3] [4].
In this paper, the vertex operator for the first massive states of the open superstring will be explicitly constructed in super-Poincaré covariant notation and shown to describe a massive spin-two multiplet containing 128 bosonic and 128 fermionic degrees of freedom.
Although this construction is guaranteed to succeed because of the cohomology arguments of [5] , it is interesting to see how the vertex operator for this massive multiplet is expressed in terms of ten-dimensional superfields.
Physical Vertex Operator
Physical states in the pure spinor formalism for the open superstring are defined as ghost-number one states in the cohomology of Q = λ α d α where λ α is a pure spinor variable constrained to satisfy λγ m λ = 0, are free worldsheet fields satisfying the OPE's 
where 
Furthermore, λγ m λ = 0 implies that N mn and J satisfy the relation :
where the normal-ordered product is defined as
To prove (2.5), note that w α drops out of the left-hand side because λγ m λ = 0. And the coefficient in the normal ordering contribution α ′ γ n αβ ∂λ α can be determined by computing the double pole of (2.5) with J using the OPE J(y) 
where :
and Φ αA (x, θ) are the various superfields appearing in (2.6). Note that because of (2.5), V is invariant under the field
As will now be shown, the equations of motion and gauge invariances implied by QV = 0 and δV = QΩ imply that the superfields Φ αA (x, θ) describe a massive spin-two multiplet containing 128 bosonic and 128 fermionic degrees of freedom.
Equations of Motion
Using the OPE's of (2.3) and (2.4), one finds that
Since λγ m λ = λγ m ∂λ =0, QV = 0 implies that the superfields Φ αA satisfy
where K s vwxy is an arbitrary superfield. The possibility of introducing K t vwxy into the right-hand side of (3.3) comes from the fact that for arbitrary K s vwxy , :
To derive (3.5), first define :
where C w encircles the point w and C z encircles the point z. Using (2.5) and (2.4), one finds :
Gauge Transformations
In order to determine the physical content of the equations of motion (3. Using the OPE's of (2.3) and (2.4), one finds that
So δV = 2 α ′ QΩ implies the following gauge transformations for the superfields in (2.6):
4)
δB αβ = −D α Ω 1β + γ m αβ Ω 3m , δC β α = −D α Ω β 2 − δ β α Ω 4 − 1 2 (γ mn ) β α Ω 5mn , δH mα = D α Ω 3m − γ mαβ Ω β 2 , δE α = D α Ω 4 , δF αmn = D α Ω 5mn .
Massive Spin-Two Multiplet
In this section, we shall show that the equations of motion of (3.3) and the gauge transformations of (4.4) and (2.7) imply that the superfields appearing in (2.6) describe a spin-two multiplet with (mass) 2 = 1 α ′ . Note that the 128 bosonic and 128 fermionic component fields in a massive spin-two multiplet consist of a traceless symmetric tensor g mn , a three-form b mnp , and a spin-3/2 field ψ mα satisfying the equations:
These ten-dimensional component fields can be understood as Kaluza-Klein modes of an eleven-dimensional supergravity multiplet.
The first equation of motion of (3.3) implies that λ α λ β λ γ D α B βγ = 0 where λ β λ γ B βγ = (λγ mnpqr λ)B mnpqr . As discussed in reference [7] , this is the same equation of 
which implies that
for some Y γ and Z npβ satisfying Z npβ γ pαβ = 0. It will now be argued that (5.3) implies that B mnp describes a massive spin-two multiplet whose mass will be determined by the fifth equation of (3.3).
To analyze the physical content of (5.3), it will be useful to choose a reference frame 
3 Although the analysis would be more complicated, the physical content of (5.3) could also be covariantly derived by applying combinations of D α and using γ-matrix identities. field. The remaining 44 bosonic degrees of freedom in the SO(9) multiplet are described by the θ = 0 components of the superfield
To complete the proof that B mnp describes the massive spin-two multiplet of (5.1), it will now be shown that B 0bc = 0 when k a = 0 for a = 1 to 9. Comparing (5.3), (5.4) and (5.5), one finds that
for some constant h. And (γ m Z mn ) α = 0 implies that 
Using similar arguments as before, one can argue that the only solution to (5.7) is B 0bc = 0 and h = 
and the trace of the seventh equation of (3.3) implies that 
